This study examines the impact of atmospheric and oceanic conditions during May-August of 2004 and 2010 on the frequency and genesis location of tropical cyclones over the western North Pacific. Using the WRF model, four numerical experiments were carried out based on different atmospheric conditions and SST forcing. The numerical experiments indicated that changes in atmospheric and oceanic conditions greatly affect tropical cyclone activity, and the roles of atmospheric conditions are slightly greater than oceanic conditions. Specifically, the total number of tropical cyclones was found to be mostly affected by atmospheric conditions, while the distribution of tropical cyclone genesis locations was mainly related to oceanic conditions, especially the distribution of SST. In 2010, a warmer SST occurred west of 140 • E, with a colder SST east of 140 • E. On the one hand, the easterly flow was enhanced through the effect of the increase in the zonal SST gradient. The strengthened easterly flow led to an anomalous boundary layer divergence over the region to the east of 140 • E, which suppressed the formation of tropical cyclones over this region. On the other hand, the colder SST over the region to the east of 140 • E led to a colder low-level air temperature, which resulted in decreased CAPE and static instability energy. The decrease in thermodynamic energy restricted the generation of tropical cyclones over the same region. 
Introduction
The western North Pacific (WNP) is the world's most active tropical cyclone basin (Emanuel, 2005; Peduzzi et al., 2012; Lin et al., 2013) . The interannual variability of tropical cyclone activities, including the frequency, intensity, location and landfalling, is complicated and has been found to be closely related to large-scale circulation, including ENSO (Chan, 1985 (Chan, , 2000 Lander, 1994; Wang and Chan, 2002; Camargo and Sobel, 2005; Wada and Chan, 2008) , MJO (Liebmann et al., 1994; Nakazawa, 2006; Nakano et al., 2015) , quasi-biennial oscillation (Chan, 1985; Lau and Chan, 1993) , Asian-Pacific Oscillation , North Pacific oscillation , Antarctic oscillation (Ho et al., 2005; , North Atlantic oscillation (Zhou and Cui, 2014) , and Hadley circulation ). In addition, many researchers consider global warming, and related SST change, to be a key driver of changes in tropical cyclone activity (Webster et al., 2005; Emanuel et al., 2008; Sugi et al., 2002 Sugi et al., , 2012 Gleixner et al., 2014; Scoccimarro et al., 2014; Holland and Bruyère, 2014) . However, the exact impacts that changes in SST may have on tropical cyclone activity remain ambiguous, especially when changes are not uniform.
The effects of climate change on tropical cyclones have been a prominent issue for a number of years. In recent decades, SST in major tropical cyclone generation regions has increased several tenths of a degree Celsius (Santer et al., 2006) . As a result of the recent increase in the capabilities of climate models, such models have captured some of the essential physical relationships that govern the links between the climate and tropical cyclones. Early climate model simulations, however, suggested some ambiguity in changes of tropical cyclone characteristics induced by warmer SST. While many models projected fewer tropical cyclones glob-ally (Sugi et al., 2002; Bengtsson et al., 2007; Gualdi et al., 2008; Knutson et al., 2010) , other climate models suggested some increase in future numbers (Broccoli and Manabe, 1990; Haarsma et al., 1993; Emanuel, 2013) . Yoshimura and Sugi (2005) investigated impacts of SST warming on the tropical cyclone climatology using a high-horizontalresolution AGCM. The results of numerical experiments in which SST was uniformly higher by 2 K demonstrated that the changes in SST had a relatively small influence on the tropical cyclone frequency. Similar to Yoshimura and Sugi (2005) , Held and Zhao (2011) carried out an experiment in which SST was uniformly higher by 2 K, and found that the tropical cyclone frequency decreased by 10%. Zhao et al. (2013) compared Hurricane Working Group model responses for various simulations. They found that most of the models showed decreases in global tropical cyclone frequency when the model was run with 2 K higher SST. In addition to the experiments with a uniformly higher SST, Sugi et al. (2002) found that the regional change in tropical cyclone frequency was closely related to the distribution of the SST anomaly and the change in convective activity associated with it. Chen and Huang (2006) pointed out that when the West Pacific warm pool was warm, the tropical cyclone numbers over the WNP were lower than those when it was cold. Additionally, when the West Pacific warm pool was warm, the locations of tropical cyclones were mostly in the northwest, whereas the tropical cyclones occurred in the southeast more frequently when the warm pool was relatively cold. These studies show that the exact influence of SST changes on tropical cyclone activity is still a matter for debate. Moreover, the uniform increase or decrease in SST and non-uniform SST changes may affect the tropical cyclone activity differently.
The horizontal scale of tropical cyclone ranges from hundreds of kilometers to thousands of kilometers, both of which are small relative to the scale of global climate models. However, tropical cyclones always involve substantial energy exchange and complex thermodynamic mechanisms, which cannot be depicted in detail even by the highest resolution global climate models. The WRF model, as one of the most popular numerical models in studying mesoscale weather systems, has been widely used in tropical cyclone case studies (Fierro et al., 2009; Cha and Wang, 2013; Sun et al., 2014a) . Shen et al. (2010) and Wang et al. (2012) attempted the seasonal prediction of tropical cyclones over the WNP in 2006 and indicated that WRF was capable of tropical cyclone seasonal forecasting. However, they did not discuss the impacts of atmospheric environment change and SST change on tropical cyclone activity.
In the present study, the impacts of the different atmospheric environments and SST between 2004 and 2010 on tropical cyclone activity were examined using the WRF model. The rationale for the choice of 2004 and 2010 as abnormal years for tropical cyclone activity is introduced in section 2. After a brief description of the model and experiments in section 3, the results of the experiments and the possible reasons for the changes in tropical cyclone activities due to changes in atmospheric environments and SST are presented and discussed in section 4, followed by a summary in section 5.
2. Choice of abnormal years for tropical cyclone activity, and the climate background
Analysis of tropical cyclone frequency
Tropical cyclone numbers were analyzed using the best track dataset of the China Meteorological Administration (CMA) (http://tcdata.typhoon.gov.cn/en/index.html) for the period 2000-2012 to identify abnormal years for tropical cyclone activity. In addition to the difference in total tropical cyclone numbers, we considered whether there was any difference in the activity region or distribution of the genesis location of tropical cyclones between the two years. Figure 2 shows the distribution of tropical cyclone genesis location over the WNP from the best track dataset. There are clear differences in tropical cyclone numbers and locations between 2004 and 2010. Tropical cyclone numbers in 2004 are considerably greater than those in 2010, and the locations are scattered across a range from 100 • E to 180 • E in 2004, whereas in 2010 they are mainly located to the west of 140 • E. In this study, we sought to determine why such great differences in total numbers and locations existed between the two years. We also sought to determine what the differences were in the atmospheric and oceanic situation that influenced the tropical cyclone activity between these two abnormal years.
Atmospheric and oceanic background of 2004 and 2010
We examined the differences in the subtropical high, WNP monsoon trough and SST during MJJA between 2004 and 2010. The datasets used were all from the NCEP FNL (final) Analysis (http://rda.ucar.edu/datasets/ds083.2/) at 1 • resolution and 6-h intervals.
The forecasting of circulation is a very important part in the process of tropical cyclone seasonal forecasting (Wang et al., 2012) . In the typhoon season, the southeast trade winds in the south of the western Pacific subtropical high directly influence the main genesis locations of tropical cyclones, as well as their generation, development and track (Lei and Chen, 2001; Huang et al., 2013) . (Ren et al., 2007; Sun, 2011) . This explains why the locations of tropical cyclones in 2004 were scattered over the broad region in the south and west of the subtropical high. In 2010, the subtropical high extended southward to 10 • N. In general, tropical cyclones do not originate in such low latitude regions, so the locations of tropical cyclones in 2010 were located mostly in the west of the subtropical high, and fewer tropical cyclones were activated in total.
The western North Pacific monsoon trough is a low pressure belt formed by convergence of the southwest monsoon or cross-equatorial flow and southeast trade wind in the south of the subtropical high. It is a part of the ITCZ. The WNP monsoon trough is a region of considerable convective activity, and such activities are conducive to the generation of low pressure perturbations and therefore the generation and development of tropical cyclones (Gao et al., 2008) . From the analysis of atmospheric circulations, we can see that the atmospheric conditions were clearly distinct between the two years in question. The location and strength of the subtropical high and monsoon troughs strongly influenced the tropical cyclone activity. Following the description of these different atmospheric situations, we next examined whether the oceanic situation in 2004 and 2010 was also noticeably different. Previous research has indicated that tropical cyclone activity is closely related to SST (Holland, 1997; Hoyos et al., 2006; Dare and McBride, 2011; Sun et al., 2014b) . Therefore, this paper also analyzes the variation in the SST in 2004 and 2010. conditions of the warm pool and tropical cyclone activity is consistent with the results of Chen and Huang (2006) .
Model and experiments

Model configuration
The WRF model (version 3.3.1) (Skamarock et al., 2008) was employed in this study. A 10-km resolution domain with 36 vertical levels was set up for the simulation. The model domain was centered at (30 • N, 140 • E), with 380 (east-west) ×340 (north-south) grid points, including complex topography and land-sea contrast. The initial and lateral boundary conditions, as well as the SST forcing data, were derived from the datasets used in section 2.2. The simulation started at 0000 UTC 1 May and ended at 1800 UTC 31 August, with a total of 123 days' integration. The physical parameterizations used included the Eta microphysics scheme (Rogers et al., 2001) , and the Betts-Miller-Jajic cumulus parameterization scheme (Janjić, 1994) . The other schemes were the Yonsei University planetary boundary layer scheme (Hong et al., 2006) , the Rapid Radiative Transfer Model (Mlawer et al., 1997) for longwave radiation, and the Goddard scheme (Chou and Suarez, 1994) for shortwave radiation. The sst update option in the WRF model was opened to update the SST every six hours.
Experiments
From the analyses above, we can see that both oceanic and atmospheric conditions were significantly different between 2004 and 2010. There seems to be a close link between the difference in SST and tropical cyclone locations in 2004 and 2010. Based on these observations, we next considered what influence the SST changes may have on tropical cyclone activity when the atmospheric conditions remain the same. To answer this question, four experiments were implemented.
The atmospheric initial and lateral boundary conditions and oceanic SST forcing of EXP1 were from the 2004 FNL dataset. EXP2 was the same as EXP1 except that the SST forcing was taken from 2010. The atmospheric initial and lateral boundary conditions and oceanic SST forcing of EXP3 were from the 2010 FNL dataset. EXP4 was the same as EXP3 except that the SST forcing was taken from 2004.
Criteria for selecting tropical cyclones
An essential first step in the analysis was to select a method for detecting and tracking the cyclones in the model outputs. A number of such schemes have been developed over the years. For example, the model and basinthreshold dependent scheme (Camargo and Zebiak, 2002) , the structure-based threshold scheme (Walsh et al., 2007) , and the circulation-based scheme (Tory et al., 2013) . These schemes have some key differences but also share many common characteristics: (1) near-surface wind speed; (2) lowlevel relative vorticity; (3) a warm core; (4) a difference in wind speed between the upper and low levels; and (5) duration. Based on Hurricane Working Group simulations, Horn et al. (2014) examined the sensitivity of the variation in tropical cyclone numbers to different schemes. In general, after corrections were made, there was considerably greater agreement than disagreement on the sign of the model response between different tracking schemes. Nevertheless, it was possible to obtain a different sign of the response for the same experiment by using different schemes.
This was demonstrated by Camargo and Zebiak (2002) , who used basin-and model-dependent threshold criteria to improve the climatology and interannual statistics of model tropical cyclones. The methods used in the present study were basically the same as those used by Camargo and Zebiak (2002) . Values of 850-hPa relative vorticity, sea level pressure, and 10 m wind speed were chosen to locate the tropical cyclone. The structure was described from three different aspects: 700, 500 and 300 hPa temperature anomalies, to depict the warm core structure; the difference between the 300 and 850 hPa temperature anomalies, to depict the vertical structure of the warm core; and the difference in wind speed between 300 and 850 hPa, to depict the vertical structure of the tropical cyclone. These thresholds were confirmed by Camargo and Zebiak (2002) . Seven sets of criteria were used as follows:
(1) An 850-hPa relative vorticity of 3.6×10 −5 s −1 near the cyclone center;
(2) A maximum surface wind speed in a centered 7 • × 7 • grid box of >11.8 m s −1 ; (3) A sea level pressure that is the local minimum and carries a value of <1020 hPa; (4) An average temperature difference from the area mean of the surrounding region at 300, 500 and 700 hPa of >1.9 • C; (5) A local temperature anomaly at 300 hPa that is greater than that at 850 hPa; (6) An average speed that is larger at 850 hPa than at 300 hPa; (7) A duration of at least 1.5 days (for six-hourly output). Camargo and Zebiak (2002) pointed out that the tracks obtained by these criteria are usually very short. Visual examination of the corresponding relative vorticity fields showed that the cyclone structure is visible well before and after the detection criteria are met. This suggests that relaxing the detection criteria would produce longer tracks. To verify the given method, it was used to detect tropical cyclones from the FNL dataset ranging from 0000 UTC 1 May 2004 to 1800 UTC 31 August 2004. Figure 5 shows the result from the model and the best track. The results show that the method is able to successfully detect the tropical cyclone locations and tracks.
Results and discussion
Results
The numbers of tropical cyclones and tropical cyclone "dots" simulated by the numerical experiments are shown in Table 2 . A tropical cyclone "dot" is a grid location that meets all seven of the criteria mentioned above. A longer track was obtained by tracking backward and forward based on the tropical cyclone dot. Both the number of tropical cyclones and number of tropical cyclone dots were the most in EXP1, while in EXP3 they were both the least. These results agreed well with the CMA best track dataset. EXP1 simulated three fewer tropical cyclones than the best track of 2004 and EXP3 simulated two fewer tropical cyclones than the best track of 2010, i.e., the simulated tropical cyclone numbers were lower than observed, which is in agreement with the result of Wang et al. (2012) The tracks and locations of tropical cyclones simulated in EXP1 and EXP3 are shown alongside the best track results in Fig. 6 . EXP1 was a simulation of 2004, while EXP3 was a simulation of 2010. Although the simulated tracks were not able to remain consistent with the best track one by one, the results nevertheless captured general features of tracks Figure 7 shows the tracks and locations of the four experiments. The number of tropical cyclones that originated from east of 140 • E in EXP2 was lower than in EXP1 (Fig.  7e) . In other words, SST in 2010 reduced the number of tropical cyclones originating from east of 140 • E. This is in agreement with the best track results, which show that the locations in 2010 were in the west. The number of tropical cyclones originating from the region east of 140 • E was higher in EXP4 than in EXP3 (Fig. 7f) 
Discussion
The comparisons between the experiments reported above indicate that any changes of atmospheric conditions and oceanic conditions can greatly affect tropical cyclone activity. We now attempt to explain this process by analyzing the impacts of their changes on the convective activity and its associated quantities. Figure 8 shows the differences in average atmospheric conditions (geopotential height at 500 hPa: H500), oceanic conditions (SST) and precipitation rate. We can see good agreement between the pattern of the SST anomaly and the pattern of the precipitation difference in both Figs. 8a and b. The pattern correlation (8 • -30 • N) reaches 0.44 and 0.42, respectively. All the pattern correlation coefficients in this paper passed the u-test (Mann and Whitney, 1947) , with a significance level of 0.05. The regions with a positive SST anomaly have a positive precipitation difference, and vice versa. Thus, over the region east of 140 • E, the patterns of changes in tropical cyclone numbers, precipitation and the SST anomaly resemble each other. There is also good agreement between the H500 and the pattern of the precipitation difference in both Figs. 8c and d. The pattern correlation (8 • -30 • N) reaches −0.38 and −0.43, respectively. The regions with a positive H500 anomaly have a negative precipitation difference. This suggests a chain of links from the geopotential height anomaly at 500 hPa and the SST anomaly to convective activity (or precipitation), from convective activity to circulation, and from circulation to cyclogenesis. Besides, we can see that the spatial patterns of SST and precipitation rate in Figs. 8a and b possess apparent differences in zonal direction, while the spatial patterns of H500 and precipitation rate in Figs. 8c and d do not show any obvious zonal difference.
To understand the changes in convective activity, we examined the changes in the distribution of the mean fields of quantities associated with convection. Figure 9 shows the difference in the wind field at 850 hPa and the vertical velocity at 500 hPa (W 500 ). In Fig. 9a , there is weak anticyclonic circulation in the east of the warm pool between 10 • N and 20 • N, and weak anticyclonic circulation in the same regions shown in Fig. 9b . Zhao et al. (2013) showed that decreases in global tropical cyclone frequency for the 2 K higher SST run were most closely related to 500 hPa vertical velocity. Kim et al. (2014) , using GFDL CM2.5, obtained the same result; that the reduction of tropical cyclone frequency was strongly related to weakening of vertical velocity in the midtroposphere. In the 500 hPa vertical velocity field in Fig. 9a , there is a downward W 500 in the east of the warm pool where an anticyclone is located in the lower level, which is not suitable for tropical cyclone generation. In Fig. 9b , there is also downward W 500 in the east of the warm pool with anticyclonic circulation in the lower level, which is not suitable for tropical cyclone formation. The anticyclone and downward W 500 can be seen in Figs. 9c and d over the region to the west of the warm pool, and also to the east of the warm pool. We can conclude that the atmospheric circulation triggered by the atmospheric condition and SST in 2010 was not conductive to cyclogenesis.
In addition to the dynamic variables, Figs. 10 and 11 show the patterns of differences in average CAPE, static stability, relative humidity at 700 hPa, and OLR. In Fig. 10a , negative anomalous CAPE with a negative SST difference is apparent in the east of the warm pool. Over these regions, anomalous convection is negative (Fig. 8a) . On the other hand, the same relationship can be seen in Figs. 10b and 8b. The pattern correlation in Figs. 10a and b reach 0.54 and 0.66, respectively. Here, the static stability is defined as the difference in potential temperature at 500 hPa and 1000 hPa (denoted as THETA for convenience). Figure 10c shows negative anomalous static stability east of the warm pool, and the warm pool with a negative anomalous SST. In Fig. 10f , there are also positive and negative relative humidity centers in the region where the anomalous SST is negative. Therefore, the pattern correlation in Figs. 10e and f only reaches −0.04 and 0.12, respectively. In Fig. 10g , there is positive anomalous OLR in the warm pool and east of the warm pool, whereas Fig. 10h shows positive anomalous OLR in the east of the warm pool with a negative anomalous SST and negative anomalous OLR in the warm pool with a positive anomalous SST. The pattern correlation in Figs. 10g and h reaches −0.20 and −0.16, respectively. Moreover, there are zonal differences in all of these quantities' distributions. The consistency between the distribution of SST and these quantities associated with convection means that the distribution of SST influenced the distribution of tropical cyclone genesis locations. Figure 11 shows the difference in CAPE, static stability, relative humidity at 700 hPa, OLR, and H500, in EXP4 versus EXP1, and EXP3 versus EXP2. Compared with Fig. 10 , we can see that the distributions of these quantities in Fig.   11 possess no obvious zonal differences. The differences in CAPE, static stability, and relative humidity at 700 hPa are negatively correlated with the differences in H500, while the differences in OLR are positively correlated with the differences in H500. The pattern correlations in 0.34 and 0.36, respectively . This means that the increase in H500 in 2010 restrained the convective activity.
Besides, we also calculated the pattern correlation with SST and H500 of the relative vorticity at 850 hPa and divergence at 200 hPa, separately. Figure 10 shows the roles of SST fields (EXP1 versus EXP2, EXP3 versus EXP4) in tropical cyclone activity in the WNP, and Fig. 11 shows the roles of the atmospheric environment (EXP1 versus EXP4, EXP2 versus EXP3) in tropical cyclone activity in the WNP. We averaged the pattern correlation in Figs. 10a and b to represent the impacts of SST on CAPE. Similarly, we averaged the pattern correlation in Figs. 11a and b to represent the impacts of the atmospheric environment (H500) on CAPE. The results are shown in Table 3 . It is clear that changes in atmospheric The above analysis may help us to better understand why colder SST over the region to the east of 140 • E in 2010 decreased tropical cyclone numbers over the same region. In 2010, a greater SST warming occurred west of 140 • E; meanwhile, there was colder SST east of 140 • E. As a result, the zonal SST gradient increased across the whole region (90 • -180 • E). The increased zonal SST gradient strengthened the easterly flow, which led to an increase in boundary layer divergence over the region to the east of 140 • E (wind fields in Figs. 9a and b) . As we know, tropical cyclones originate from tropical disturbances (Lau and Lau, 1990; Fu et al., 2007) ; therefore, the anomalous boundary layer divergence over that region suppressed the formation of tropical cyclones. In addition to the unfavorable dynamic conditions, the colder SST east of 140 • E led to a colder low-level air temperature, which resulted in a decrease in CAPE and static instability energy (Figs. 10a-d) . The decrease in thermodynamic energy restricted the generation of tropical cyclones.
Summary
In this study, the influence of different atmospheric and oceanic conditions on tropical cyclone frequency and location in the WNP was examined using the WRF model. Four The results of the experiments showed that changes in atmospheric environment have greater impacts on changes in RH at 700 hPa, OLR, relative vorticity at 850 hPa, and divergence at 200 hPa, compared with changes in ocean conditions. However, changes in ocean conditions have greater impacts on changes in CAPE and static stability. The differences in the locations of tropical cyclones in 2004 and 2010 were closely related to the distribution of the SST anomaly, and the change in its associated convective activity. In the warmer (colder) region, low-level static instability enhanced (weakened), mid-low-level moisture increased (decreased), and CAPE increased (decreased). The increase (decrease) of low-level instability energy and moisture directly affected the convective activity. Accompanied by low-level cyclonic (anticyclonic) circulation and upward (downward) vertical velocity in the mid-troposphere, tropical cyclone activity over this region was promoted (restrained).
It has been found that the total number of tropical cyclones was mostly affected by atmospheric conditions, while the distribution of tropical cyclone genesis locations was mainly influenced by oceanic conditions, especially the distribution of SST. The physical processes responsible for the decreased numbers of tropical cyclones over the region to the east of 140 • E in 2010, caused by colder SST over the same region, are discussed below. In 2010, on the one hand, the easterly flow was enhanced through the effect of the increase of the zonal SST gradient. The strengthened easterly led to anomalous boundary layer divergence over the region to the east of 140 • E. The anomalous boundary layer divergence suppressed the formation of tropical cyclones. On the other hand, the colder SST over the region to the east of 140 • E led to colder low-level air temperature, which resulted in decreased CAPE and static instability energy. The decrease in thermodynamic energy restricted the generation of tropical cyclones.
Although the simulated numbers and locations of tropical cyclones in 2004 and 2010 were close to the best track on the seasonal timescale, there were still clear differences on the monthly timescale. Model errors accumulated in longterm simulations and the choice of parameterization schemes may contribute to this issue. Improving our understanding of the mechanisms through which changes of atmospheric conditions and oceanic conditions influence tropical cyclone activity requires more detailed analyses and experiments in the future.
